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Abstract
In an improved multisource thermal model, we systematically investigate the transverse momen-
tum spectra in pp collisions at high energies ranging from √sNN = 62.4 GeV to 7 TeV. The results are
compared with the experimental data in RHIC and LHC. Based on the collision energy dependence
of the source-excitation factors, we estimate the transverse momentum spectra in pp collisions at
higher energies, potential future pp colliders operating at √sNN = 33 and 100 TeV.
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1 INTRODUCTION
Inclusive measurements of charged-particle distributions in pp collisions provide an insight into the
strong interaction in low-energy, non-perturbative region of Quantum Chromodynamics (QCD) 1602.01633.
Investigations of charged-particle production are refining the understanding of global properties of pp
collisions at the LHC. As the collision energy increases, a much broader and deeper study of QGP will
be done at the LHC. It leads to a significant extension of the kinematic range in longitudinal rapidity
and transverse momentum. And, the charged-particle distribution is very helpful in understanding the
basic production mechanism of hadrons produced in nucleon-nucleon and nucleus-nucleus collision ex-
periments. Transverse momentum spectra of the particles play an important role in the observation of
high-energy collisions. The spectra can provide insight into particle production as well as matter evolu-
tion in pp or AA collisions at RHIC and LHC energies [1].
At one of the later stages in collisions, the system will be dominated by hadronic resonances. At
the last stage of high-energy collisions, the interacting system at the kinetic freeze-out stays at a ther-
modynamic equilibrium state or local equilibrium state. The particle emission process is influenced by
not only the thermal motion but also the collective flow. Based on the creation and subsequent decay
of hadronic resonances produced in chemical equilibrium at unique temperature and baryon chemical
potential, thermal-statistical models can give a consistent description of particle production in heavy-ion
collisions at high energies during the past two decades. The identifying feature of the thermal model is
that all the resonances as listed by the Particle Data Group are assumed to be in thermal and chemical
equilibrium [2].
In recent years, some phenomenological models or (semi-) empirical formulas of particle distri-
butions in heavy-ion collisions, up to LHC energies, has been reported to explain the experimental
data of the PT (or mT ) spectra in pp and AA collisions. It is interesting to note that various expo-
nential functions in the distribution descriptions were adopted [3], such as PT exponential distribution
dN
PT dPT = c exp(−PT /TPT ), P2T exponential or PT Gaussian dNPT dPT = c exp(−P2T /T 2PT ) and P3T exponential
distribution dNPT dPT = c exp(−P3T/T 3PT ), mT exponential distribution dNmT dmT = c exp(−mT /TmT ), Boltzmann
distribution dN
mT dmT = cmT exp(−mT/TB) and Bose-Einstein distribution dNmT dmT = c/[exp(mT /TBE) − 1].
In this work, combined with the exponential functions, we improve multi-source thermal model by
considering the rapidity shifts of longitudinal sources along the rapidity axis. The improved model is
used to analyze the transverse momentum spectra in pp collisions at RHIC and LHC energies.
2 MULTISOURCE-PRODUCTION DESCRIPTION OF TRANSVERSE
MOMENTUM SPECTRA
(Eur. Phys. J. C (2014) 74:2785) In order to understand the particle spectra observed in multiparticle
production processes, Hagedorn proposed a statistical description [11], where the transverse momentum
PT spectra follow a thermalized Boltzmann type of distribution
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f (PT ) = dNPT dPT = c exp
[
− PT
< PT >
]
, (1)
where the < · · · > denotes the mean transverse momentum averaged over all events in the event sample.
it is an exponential function and can only fit the experimental data in a limited range of transverse
mass, 0.2 < mT − mpi < 0.7 GeV [12]. But, a width of the rapidity (or pseudorapidity) distribution of
corresponding particles is not considered for the PT distribution function. In order to be consistent with
experimental data, the pseudorapidity interval integral has been added in Ref. [APPB],(
E
d3N
dP3
)
η
=
∫ ηmax
ηmin
dηdydη
(
E
d3N
dP3
)
, (2)
where
dy
dη (η, PT ) =
√
1 − m
2
m2T cosh
2 y
. (3)
The y is a function of η and PT
y =
1
2
ln
[ √P2T cosh2 η + m2 + PT sinh η√
P2T cosh
2 η + m2 − PT sinh η
]
. (4)
Then, we deal with the problem by the multisource thermal model. According to the geometrical
picture of high-energy collisions and the multisource thermal model [18, 21], the cylinder model [15-
17liusun] and the relativistic diffusion model [1106.3636v1], particle emission sources located in the
projectile and target cylinders are formed in pp collisions. At intermediate energy, the two cylinders
overlap totally and are regarded as a single cylinder. At high energy, the two cylinders overlap partly.
At ultra-high energy, the two cylinders are completely separate, resulting in a gap between them. In the
rapidity y space, the projectile cylinder and the target cylinder lie in the rapidity ranges [yPmin, yPmax] and
[yTmin, yTmax], respectively. The center rapidity of the interacting system is denoted by yC (or ycm). By
the parameters, we describe pseudorapidity distributions of charged particles produced in pp collisions
over an energy range from 400 A MeV to 100A TeV[18].
f (y) = kt
ytmax − ytmin
∫ ytmax
ytmin
fs(y, y′)dy′ +
kp
ypmax − ypmin
∫ ypmax
ypmin
fs(y, y′)dy′ . (5)
where fs(y, y′) is the rapidity distribution of particles emitted from a source at y′. In terms of the de-
scription of the transverse momentum PT =
√
P2x + P2y and the transverse mass mT =
√
P2T + m2 distri-
butions, we need to consider the longitudinal rapidity of the emission sources in the cylinder(s). These
sources with different rapidity shifts in the rapidity space located nonuniformly in the rapidity region. In
order to deal conveniently with the relation between the sources and particles, the sources can be divided
into n groups in accordance with the longitudinal locations. Due to different interaction mechanisms or
event samples, the source number in the ith group is assumed to be ki . Identified fragments or parti-
cles emit isotropically from different emission points (also known as sources) formed in the high-energy
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collisions. (Eur. Phys. J. C (2014) 74:2785) The transverse momentum spectrum contributed by the jth
source in the ith group is an exponential distribution
fi j(PTi j) = 1
< PTi j >
exp
[
− PTi j
< PTi j >
]
, (6)
where a source-excitation factor
< PTi j >=
∫
PTi j fi j(PTi j)dPTi j (7)
is the mean value of the transverse momentum of particles which come from the source in the group. In
the same group, we have
< PTi1 >=< PTi2 >= · · · =< PTiki >=< PTi >, (8)
where the ki is the source number in the ith group. By computing convolution of the exponential function
Eq. (1), the transverse momentum contributed by the i group is
fi(PT ) =
Pki−1T
(ki − 1)! < PTi >ki
exp
[
− PT
< PTi >
]
. (9)
It is an Erlang distribution. Then, the transverse momentum distribution is given by
f (PT ) =
n∑
i=1
ci fi(PT ) , (10)
which is known as a multi-component Erlang distribution. The ci is the share of the i group. In the
improved model, the rapidity cut is naturally and consistently taken into account. To simplify the calcu-
lation, the Monte Carlo method is used to calculate the transverse momentum spectra. With Eq. (1), the
transverse momentum is
PTi j = − < PTi j > ln Ri j , (11)
where Ri j is a random number in [0, 1].
3 COMPARISON WITH EXPERIMENTAL DATA
Figure 1 shows the transverse momentum spectra of identified charged hadrons (pions, kaons, pro-
tons) in pp collisions at √sNN = 62.4 and 200 GeV. The scattered symbols present the experimental data
from the PHENIX Collaboration [5, 6, 7] and the STAR Collaboration [8, 9]. The solid lines present
the model results. Our results for PT spectra are in a good agreement with the experimental data. The
χ2 per number of degrees of freedom (χ2/ndf) testing provides statistical indication of the most probable
value of corresponding parameters. The maximum value is 1.15 and the minimum value is 0.08. Figure
2 shows the transverse momentum spectra of identified charged hadrons (pions, kaons, protons) in pp
collisions in the range |y| < 1, at √sNN = 0.9, 2.76 and 7 TeV. The scattered symbols present the ex-
perimental data from the CMS Collaboration [10]. The solid lines present the model results, which are
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in good agreement with the experimental data. The maximum value of χ2/ndf is 1.04 and the minimum
value is 0.10.
According to the pseudorapidity distributions, the sources may be divided into two groups n = 2. The
parameter values are obtained by fitting the experimental data. In the calculations, we take one source
in the first group k1 = 1 and two sources in the second group k2 = 2. For pions, kaons and protons,
the mean PT in the second group < PT2 > are 0.11 GeV/c, 0.20 GeV/c and 0.26 GeV/c, respectively.
As can be seen from Fig. 3, the mean PT of the first group < PT1 > change regularly with ln
√
sNN ,
< PT1 >= (0.0246±0.006)ln√sNN+(0.180±0.011), < PT1 >= (0.0728±0.002)ln√sNN+(0.019±0.001)
and < PT1 >= (0.0755 ± 0.0003)ln√sNN+(0.020 ± 0.002) for pions, kaons and protons, respectively.
Based on the linear laws, we can estimate the < PT1 > taken in the model for pp(pp) collisions at
higher energies. Then, the transverse momentum spectra of pions, kaons and protons produced at HL-
LHC energies can be predicted. When √sNN is increased to 33 and 100 TeV, the < PT1 > values for
pions, kaons and protons are taken to be 0.4354 and 0.4626, 0.7766 and 0.8574, 0.8051 and 0.8887,
respectively. The prediction of the transverse momentum spectra of pions, kaons and protons are given
in Fig. 4.
The results with Tsallis statistics using the two-cylindrical multisource thermal model are in good
agreement with the experimental data.
The calculated PT
4 CONCLUSIONS
Final-state particles produced in high energy collisions have attracted much attention, since attempt
have been made to understand the properties of strongly coupled QGP by studying the possible produc-
tion mechanisms[22,23]. Many exponential distributions are suggested in description of the final-state
particle distribution. Thermal statistical models have been successful in describing particle yields in vari-
ous systems at different energies[14,24C26]. In present work, we embed the exponential distribution into
the geometrical picture of the multisource thermal model to describe the transverse momentum spectra in
pp collisions at RHIC and LHC energies. In the rapidity space, the sources of final-state particles stay at
different positions due to stronger longitudinal flow[27C29]. The improved multisource thermal model
can reproduce the experimental results of pions, kaons and protons. The rapidity width is naturally taken
into account by the source distribution. By analysing systematically the corresponding pseudorapidity
distributions and fitting the experimental data, the model parameters are obtained.
In our previous work [38], to extract the chemical potentials of quarks from ratios of negatively/positively
charged particles, we have analyzed the transverse momentum spectrums of the CMS and ALICE Col-
laborations [31, 32] by using the Tsallis distribution [5C13]. The results in low transverse momentum
region in the present work is better than those in our previous work. Based on different formula (Rayleigh
distribution) on transverse momentum spectrum in the model, the dependences of elliptic flow on trans-
verse momentum, centrality, and participant nucleon number in GeV and TeV energy regions have been
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studied in our previous work [39C41]. Comparing the non-equilibriumCstatistical relativistic diffusion
model with three sources, which include a central source and two fragmentation sources [29,30], the
multisource thermal model uses two cylindrical sources to describe the rapidity or pseudorapidity distri-
butions [26,27].
Summarizing up, the transverse momentum distributions of pions, kaons and protons produced in
pp collisions at RHIC and LHC energies have been studied systematically in the improved multisource
thermal model, which can reproduce PT spectra. Our investigations indicate the improved model is
successful in the description of hadron productions. At the same time, it is found that the free parameter
< PT1 > used in the calculations exhibits linear dependences on ln
√
sNN . According to the parameter
change pattern, we give a model predictions of the transverse momentum spectra of pions, kaons and
protons produced at potential future pp colliders operating at √sNN = 33 and 100 TeV. With more
accumulated data or higher expected energy scale, the high-luminosity LHC and the next-generation
pp colliders offer great opportunities for the search for physics up to and beyond TeV scale.
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Figure 1: (Color online) Transverse momentum spectra of identified charged hadrons (pions, kaons,
protons) in pp collisions at √sNN = 62.4 and 200 GeV. Experimental data from the PHENIX Collabora-
tion [5, 6, 7] and the STAR Collaboration [8, 9] are shown by the scattered symbols. The model results
are shown by the solid line.
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Figure 2: (Color online) Transverse momentum spectra of identified charged hadrons (pions, kaons,
protons) in pp collisions in the range |y| < 1, at √sNN = 0.9, 2.76 and 7 TeV. Experimental data measured
by the CMS Collaboration [10] are shown by the scattered symbols. The model results are shown by the
solid line.
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  Figure 3: (Color online) The dependence of the different parameters on ln √sNN . The symbols represent
the parameter values used in the calculations for different experimental collaborations. The solid lines
denote the fitted results.
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Figure 4: (Color online) The the transverse momentum spectra of pions, kaons and protons in pp (or pp)
collisions at √sNN = 33 TeV and 100 TeV.
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